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Abstract 
This study focuses on the electrochemical Ni/Cu metallization of multi-crystalline silicon (mc-Si) without alignment 
steps. Selective ablation of the silicon nitride (SiNx:H) anti-reflection and passivation coating was performed prior to 
metallization with a frequency tripled Nd:YAG laser. Electroless nickel-phosphorous layers of different thicknesses 
were deposited as a seed-layer at 95°C on two batches of samples before electrolytic copper thickening. The 
thickening of the Ni contact by copper was done by light-induced plating (LIP). The influence of laser ablation 
parameters as well as chemical etching prior to metal deposition was investigated. The morphology of 
electrochemically deposited Ni and Cu metal layers was investigated by SEM and optical microscope. Laboratory 
scale solar cells were fabricated to evaluate the electrical properties of the front contacts. A copper thickness of 
between 9 and 16 μm was necessary in order to optimize the fill factor. The best efficiency measured on 200μm thick 
p-type mc-Si solar cell with an area of 4.4 cm2 was 15.5%. An average efficiency of 15% over 18 samples has been 
demonstrated. Such results were obtained without any additional thermal annealing treatment of the Ni seed-layer. 
The limiting factors as well as possible improvements are discussed.  
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1. Introduction 
Advanced front-side architectures can provide significant increases in solar cell efficiency, but most 
existing approaches need many processing steps and alignment procedures. Laser processing provides a 
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good way to achieve such structures with a minimum number of technological steps [1] and without 
alignment when coupled with front-side electrochemical metallization. Introduction of advanced 
metallization is one of the key steps to fabricate solar cells with high performance in a cost-effective way. 
More than 85% of solar cell manufacturers use thick film screen printing for front side contact formation, 
but a lot of research has been carried out into alternative metallization schemes [2]. Front-side 
metallization by electrochemical processes, as suggested by Dubé et al. [3], consisting of selective laser 
ablation of antireflection layer and plated contacts, can reduce shadowing because of the potential 
improved aspect ratio and smaller finger width [4,5]. The IMEC team has reported a very good 
conversion efficiency of 19.6% using Cu-plated contacts instead of silver [6]. In the present paper, the 
front-side metallization was produced by Ni-P electroless deposition and Cu light-induced plating (Fig.1) 
on laboratory scale multi-crystalline silicon solar cells. The influence of laser ablation parameters as well 
as chemical etching prior to metal deposition was investigated. SEM observations and electrical 
measurements were performed to characterize the solar cells. 
2. Experimental 
The solar cells were made from multi-crystalline p-type silicon wafers (200 μm thick, p type, ~ 1-3 
d roughness around 3-5 μm. The emitter was created by thermal phosphorus diffusion 
at low-
was fully screen-printed with an Al paste and fired to form the back surface field and rear contact.  
A frequency tripled Nd:YAG laser with a wavelength of 355 nm and a pulse length of 10 ns was used 
for selective ablation of the SiNx:H anti-reflection coating (Fig.1a). Pulse fluence (energy density) and 
spot overlap were optimized to limit the surface damage and the debris formation. Laboratory scale solar 
cells of 2 x 2 cm2 area with laser fluence between 0.2 and 1.1 J/cm2 and a TLM grid were fabricated (Fig. 
2b).  
 
 
 
 
 
 
 
    
 
   (a)                         (b)  
Fig. 1. A schematic view of sample geometry (a) and flow chart of solar cells fabrication with electrochemical metallization (b). 
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Fluence values of the order of 0.40 0.57 J/cm2 were found to be a good compromise between 
efficient ablation and limited surface damage or debris formation. The grid finger width of cells was 80
μm and the distance between the metal fingers was 1.8 mm (Fig. 2a). The coverage of the cell surface by 
the front metal contacts was 6.1%.
Metallization of the front grid contacts was done by electrochemical processes including Ni electroless
seed-layer deposition and Cu thickening by Light-Induced Plating (LIP). Two batches of samples were
used: one deoxidized with HF to remove potential debris after ablation and native oxide and the other 
without HF treatment before the Ni-P plating.
3. Results and discussion
3.1 Ni-P electroless deposition
Ni-P electroless deposition is an autocatalytic process involving the immersion of a substrate in a
plating bath. Its principle has been described elsewhere [7]. Ni-P was used as a seed-layer before
electrolytic copper thickening. Before starting the Ni-P deposition the edges and Al backside screen-
printed contacts were protected with an insulation varnish, to avoid Al dissociation and Ni parasitic
deposition during the electroless process. The composition of the electroless Ni-P plating bath and the
operating conditions are given in [8]. The deposition rate of the Ni-P layer on silicon was 18 μm/h. The
thickness of the Ni-P layer was around 150 nm for a process duration of 30 sec and ~ 300nm for 60sec at 
the operating temperature of 95°C. The wafers with electroless Ni-P seed layers were not subjected to 
additional thermal annealing. No significant difference was observed between the properties of cells with
the two different values of Ni layer thickness.
a) b)
Fig. 2. a) 86μm wide finger and 380 μm wide busbar after Cu plating; b) Laboratory scale solar cells of 2 x 2 cm2 area with Ni/Cu 
metallization after laser ablation with different fluence between 0.2 up to 1 J/cm2.
3.2 Copper thickening 
The front contact thickening by copper was performed using LIP (light-induced plating) [9-11]. This
method uses the photovoltaic effect of the cell to induce a voltage in the p-n junction under illumination 
without external contacts on the front-side grid: the photo-generated current therefore acts as a plating
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current. By choosing the correct potential difference between the anode and the solar cell back-side, the 
plating of the contacts can be performed without protecting the back-side contacts. In the present case, the 
solar cell was dipped in an illuminated electroplating copper solu which 
was kept at room temperature during the process.  
During the LIP process, the current density was kept constant (~ 1.0 A/dm2). The external applied voltage 
was kept close to the photovoltage generated by the cell to avoid Cu deposition on the back side of the cell. 
The Cu deposition time was around 30 min. Fig.3a shows an SEM image of an Ni-P electroless seed layer 
of ~300nm thickness deposited from an alkaline (pH=8-10) bath on a laser-ablated SiNx:H and Cu layer 
of ~5 μm thickness plated from an acidic (pH=2) LIP-bath. Fig. 3b shows SEM pictures of a metallic 
busbar after copper LIP coating of 15μm and illustrates the smooth Cu surface. This demonstrates that a Ni-
electroless seed layer allows uniform deposition of the Cu layer by LIP.   
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
           
   a)      b) 
Fig. 3. Scanning electron microscope image of electroless Ni-P layer deposited on laser-ablated SiNx:H and Cu line performed by 
LIP (a) and low magnification SEM image of a busbar after Cu plating (b).   
3.3 Electrical characterization of solar cells 
Fig. 4 shows the measured thickness of plated Cu after LIP and the corresponding open-circuit voltage 
values for 8 cells as a function of the laser fluences used for the selective ablation of SiNx:H. All samples 
(Fig. 2b) were subjected to the same LIP process for 35 min using a generated LIP current of 1.2 A/dm2. 
The maximum VOC value of 616 mV corresponds to a laser fluence of 0.44 J/cm2 and an average Cu 
thickness of 16 μm. For high laser fluence values ( > 0.7 J/cm2) the Voc of the cell is reduced due to 
damage at the silicon surface and short-circuiting in the emitter (Fig. 4 a). The fill-factor (FF) of the cells 
also decreases for high laser fluence (Fig. 4 b). The maximum value of FF, 0.75, was obtained for a laser 
fluence of 0.44 J/cm2 and 16 μm Cu-thickness.     
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a)       b)  
Fig. 4. Evolution of Cu thickness and I-V parameters of mc-Si solar cells with Ni/Cu metallization (for series Cu11 of cells) as a 
function of the laser fluence: a) Voc and b) FF.  
We studied the influence of deoxidizing of the ablated regions in 2.5% HF before dipping in the Ni-P 
electroless plating bath. As observed previously, increasing the laser fluence for ablation of SiNx:H 
decreases the open-circuit voltage of the cells (Fig. 5 a) while the short-circuit current stays roughly 
constant (Fig. 5 b). The low laser fluences below 0.36 J/cm2 correspond to the ablation threshold of 
SiNx:H where laser fluctuations cause a large variation of I-V parameters. There are no obvious 
differences in the values of Voc and Jsc for the two batches of cells.  
 
   
a)       b) 
Fig. 5. I-V parameters of mc-Si solar cells as a function of laser fluence for series of cells with deoxidation in 2.5% HF and without 
treatment in HF: a) Voc and b) Jsc. Two Ni thicknesses (Ni~150nm & Ni~300nm) were used. 
Table 1 summarizes the photovoltaic parameters of the mc-Si cells produced with optimized laser 
fluence values between 0.42 and 0.57 J/cm2. The table below gives the open-circuit voltage, short-circuit 
current and conversion efficiency of tested solar cells considering the total area of 4.4 cm2 for 150nm 
thick Ni seed-layer and Cu thickening of 9-16 μm. The best cell obtained with a laser fluence of 0.52 
J/cm2 exhibits an efficiency of 15.5%. 
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Table 1. Illuminated I-V parameters of mc-Si cells for the range of laser fluence of 0.42 - 0.57 J/cm2.
Cells
Efficiency FF Voc Jsc p.Eff. p.FF Rs Rsh
(%) (%) (mV) (mA/cm2) (%) (%) 2 2
Average over 18 samples 15.0 73.4 609.4 33.7 15.6 75.8 0.52 340
Best cell 15.5 74.5 615.1 34.0 16.1 77.7 0.56 470
Fig. 6 shows the evolution of fill factor and efficiency of mc-Si solar cells as a function of the laser
ablation fluence. The green zone indicates the optimum laser fluence used for the ablation of the SiNx:H
layer. The fill factor starts to decrease at a laser ablation fluence of ~ 0.67 J/cm2 due to damage to the 
emitter surface. As previously noted, below the fluence threshold of 0.36 J/cm2 the ablation of SiNx:H is 
inconsistent. This gives rise to a highly variable cell FF and efficiency. 
Figure 7 shows the internal quantum efficiency (IQE) for one of the best cells with Ni/Cu front-side 
metallization and a laser fluence of 0.48 J/cm2. The calculated value of Jsc from EQE spectra is 34.07
mA/cm2. This is very close to the value of 33.8 mA/cm2 obtained from I-V measurements for the same
cell with a ratio of 0.992. The difference of 0.27 mA/cm2 can be explained by the non-optimized process 
of Ni/Cu plating: parasitic metal micro-particles can be seen on the surface of the SiNx:H  layer due to
local damage to the coating and this can increase the shadow on the cells. These particles have been 
observed to contain Cu but are assumed to also contain Ni. The solar-weighted reflectance spectrum from 
SiNx:H on mc-Si has an average photonic weighted reflectivity of 12.5 13.8% and does not take into 
account the reflectance from the front grid of the samples.
4. Conclusions
The front side metallization of mc-Si solar cells was carried out by electrochemical deposition of 
Ni/Cu. Laser fluence values of the order of 0.42 0.57 J/cm2, used to locally ablate the SiNx:H anti-
reflection coating, were found to be a good compromise between efficient ablation and limited surface
damage or debris formation. Electrical characterization shows reasonably good average cell results with
an average efficiency of 15.0 % over 18 laboratory scale solar cells. The best cell gives an efficiency of
Fig. 6. Evolution of Efficiency and Fill-Factor of mc-Si solar 
cells with Ni/Cu metallization as function of the laser fluence.
Fig. 7. Internal quantum efficiency of Ni/Cu front side
metallization mc-Si solar cell and reflectance spectrum.
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15.5%. Such results were obtained without any additional thermal annealing treatment of the Ni seed-
layer. Future work will be focused on the optimization of the process, decreasing the contact finger grid to 
40 μm and thermal treatments. Further optimization of the series and shunt resistances are expected when 
using monocrystalline Si wafers to guarantee the reproducibility of the substrate properties.  
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